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Mammalian lungs are encased in dense endothelial cell 
networks to support systemic delivery of oxygen to vital 
organs (1-3), and to provide host pathogen defense by 
physical or chemical removal of foreign bodies (3,4). The 
evolutionary-refined architecture of mammalian lungs 
is primarily comprised of endoderm-derived epithelial 
cell populations (5); however, the lungs also harbour 
mesoderm-derived cells which contribute to the renin-
angiotensin axis (6), innate immunity (3,4), and platelet 
production (7). Oronasal to parenchymal, the respiratory 
system is organized from the trachea, bronchi, bronchioles 
to the alveoli; the primary site of gas exchange (1,2). Gas-
exchanging type 1 alveolar (AT1) cells make up most of 
the alveoli, although surfactant producing type 2 alveolar 
(AT2) cells can also be distinguished by histology (8). The 
epithelial lining of the lungs is directly exposed to the 
environment, and thus must have mechanisms in place to 
prevent particulate- or pathogen-induced damage (4). The 
main bronchi are lined with goblet cells that secrete mucus, 
club cells that detoxify potentially harmful chemicals, and 
ciliated cells that physically remove foreign particles in a 
retrograde fashion (Figure 1). Smaller intralobar bronchiole 
networks demonstrate a similar composition of ciliated and 
club cells, in addition to neuroendocrine cells that sense 
environmental changes such as hypoxia (9,10). Considering 
there is a notable early death associated with respiratory 
pathologies, such as fibrosis-restricted lung function (11)  
or underdeveloped lungs in pre-term infants (12), 
identification of targetable stem cell populations within the 

lung is critical for developing therapies aimed at pulmonary 
tissue regeneration (5,13). 

Tissue-specific post-natal stem cells possess 2 defining 
criteria: the ability to self-renew (to divide without 
differentiation) and multipotent differentiation into 
several mature cell types. Several cell populations within 
the lungs have been reported to exhibit stem cell-like 
characteristics and contribute to lung homeostasis and 
regeneration following injury (5,13-15). However, these 
cell populations were localized to specific regions within 
the lungs and function specifically to replace epithelial cells; 
akin to unipotent progenitor cells of the hematopoietic 
system. For example, naphthalene-resistant club cells 
represent a source of progenitor cells that regenerate 
ciliated and non-ciliated epithelial cells in the trachea 
and bronchioles (5). In contrast, a subpopulation of 
AT2 cells are restricted to regenerating only alveolar 
epithelial tissue following bleomycin-induced chemical 
damage (5). Several populations of cells, such as p63+/
cytokeratin5+ cells, have demonstrated the capacity to 
regenerate both bronchiolar and alveolar cell populations 
following influenza or bleomycin-induced lung damage (15). 
However, the homeostatic phenotype of this multipotent 
cell population has yet to be established using previous 
lineage-tracing models for fate-mapping analyses. Recently 
published in Nature Genetics, Liu et al. provided novel 
evidence of a multipotent stem cell population located at 
the bronchioalveolar junction (BAJ), that contributes to 
the homeostasis and regeneration of both bronchiole and 
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alveolar cells in murine lungs following injury (16). 
Stem cells within the lung may express multiple 

mature cell markers at low expression levels (5,14-17), 
thus limiting the ability of traditional single-lineage 
transgenic mouse models to resolve targetable stem cells 
with multipotent function in vivo. Accordingly, Liu et al. 
generated a dual-lineage reporter mouse using an elegant 
combination of tamoxifen-inducible Dre-rox and Cre-loxp 
recombinase systems (Figure 1) integrated within a murine 
Rosa26-RSR-LSL-tdTomato reporter background (16).  
Specifically, tamoxifen-inducible Dre recombinase 
expression was driven under the club cell promoter, 
Secretoglobin Family 1A Member 1 (Scgb1a1/CC10); 
whereas, tamoxifen-inducible Cre recombinase expression 
was driven by the AT2 cell promoter, Surfactant Protein 
C (Sftpc/SPC). Thus, only cells expressing both CC10 and 
SPC during tamoxifen induction will express tdTomato 

through the excision of both stop codons flanked by rox 
or loxp loci, respectively. This dual-driver transgenic 
system ensured stringent co-expression within labelled-
cells, thus eliminating the labelling of unipotent club and 
AT2 cell progenitors during lung tissue regeneration. 
Accordingly, the authors validated the detection of a rare 
CC10+/SPC+ cells, termed bronchioalveolar stem cells 
(BASCs), that specifically localized at the BAJ. BASCs 
were mitotically active yet maintained homeostatic cell 
frequencies in uninjured mice. Notably, BASCs contributed 
to the turnover of both club cell and AT2 cells populations 
during homeostasis, thus suggesting the identification of 
a functionally-relevant multipotent stem cell. Single-cell 
RNA-sequencing revealed 2 potentially distinct BASC 
populations; in addition to markers exclusive to BASC 
populations compared to committed epithelium, such as 
Leucine Rich Alpha-2-Glycoprotein 1 (Lrg1) and Perilipin 

Figure 1 Dual Dre/Cre recombinase reporter system labels CC10+/SPC+ bronchoalveolar stem cells to investigate cell progeny generated 
at bronchioalveolar junction. 
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2 (Pltn2). Lrg1 is commonly expressed in granulocytes and 
functionally implicated in immunity and angiogenesis (18). 
In contrast, Perilipin 2 is expressed in a diverse range of cell 
types and is primarily involved in lipid accumulation (19).  
Notably, the authors did not observe co-expression of 
putative lung stem markers p63 and Krt5 in BASCs during 
homeostasis, possibly reflecting variations in temporal (i.e., 
tamoxifen half-life) and promoter-specificity of reporter 
induction and/or variable lung-injury models (naphthalene 
versus influenza-bronchiole injury) used in each study. 
The development of similar Dre/Cre transgenic models 
which investigate the co-expression of CC10 or SPC with 
additional markers (i.e., Lrg1 or p63) would help to resolve 
the hierarchical arrangement with previously reported 
lung stem cell populations. Collectively, BASCs represent 
a multipotent progenitor cell population with functional 
roles in lung homeostasis, regeneration, and/or pathology. 
Therefore, strategies to target this cell population to 
augment lung tissue regeneration warrants further 
investigation. 

Previous reports have suggested a functional role 

for CC10+ club cells, identified in CC10 Cre-ER mice 
(5,16) however, the contribution towards bronchiole cell 
regeneration by rare CC10+/SPC+ BASCs would be 
largely underrepresented in the single CC10 transgenic 
model system. With the new dual-lineage model, Liu and 
colleagues assessed the functional role of BASCs towards 
bronchiole cell regeneration following naphthalene 
exposure injury in 7-week old mice 1-week after tamoxifen 
induction (16). BASCs maintained homeostatic cell 
frequencies following injury, however also underwent 
robust asymmetrical division to generate CC10+/SPC- 
club cells and acetylated-tubulin+/beta-tubulin+ ciliated 
cells within the damaged bronchiole epithelium (Figure 2). 
Notably, the authors did not assess whether BASCs were 
able to give rise to goblet cells under homeostatic or injury-
induced conditions. Nonetheless, BASCs contribution 
towards AT1, AT2, or CGRP+ neuroendocrine cells 
following napathalene-induced injury was minimal, 
assuring napathalene-resistance within BASC and 
BASC differentiation was a result of direct injury to the 
bronchiole epithelium. Identification of functional BASCs 
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in vivo provides a foundation to further our knowledge 
of bronchiole development, pathology, and targeted 
regeneration. 

Like the aforementioned CC10-ER transgenic mice 
studies (5,16), Sftpc-ER transgenic model systems to 
investigate alveolar tissue regeneration, such as AT2 
activation and differentiation, have also been previously 
performed. Considering, CC10+/SPC+ BASCs were 
observed to give rise to CC10-/SPC+ AT2 cells and 
rarely AT1 cells during homeostasis, it warrants further 
investigation to determine whether multipotent BASCs 
differentiate towards AT2 “progenitor-like” cells capable 
of regenerating AT1 epithelium (16).  Bleomycin-
induced alveolar injury was induced in 7-week old mice 
to fate-map the contribution of CC10+/SPC+ BASCs to 
alveolar regeneration. Following alveolar injury, BASCs 
underwent robust proliferation and generated both AT2 
and AT1 cells without giving rise to CC10+ club cells 
or depleting homeostatic BASC frequencies (Figure 2). 
Collectively, these observations using different modes of 
lung injury validate that BASCs demonstrate multipotent 
cell differentiation uniquely competent to localized injury 
cues and simultaneously respond through self-renewal to 
maintain the regenerative cell pool and differentiation to 
alveolar and bronchiolar cell types. Speculatively, it appears 
the localization of BASCs to the BAJ provides an exploitable 
niche to receive activating signals from both proximal and 
distal epithelial layers with competency to differentiate 
towards proximal bronchiole tissues or distal alveolar 
tissues. Notably, RNA-sequencing analysis identified two 
transcriptionally distinct populations of BASCs, whose 
functional and individual contributions towards lung 
regeneration is in need of additional investigations. Liu 
and colleagues used a confetti reporter fate mapping to 
determine whether single BASCs were able to regenerate 
both bronchiole and alveolar tissues (16). However, the 
authors did not definitively establish whether individual 
BASCs were intrinsically committed to bronchiole or 
alveolar regeneration, as simultaneous bronchiole and 
alveolar lung injury was not assessed. Nonetheless, it 
remains to be determined whether transcriptionally distinct 
BASC subsets observed by single cell RNAseq may simply 
identify dynamic transcription patterns in a homogenous 
stem cell population with injury-sensitive multipotent 
contributions during endogenous regeneration.

Creative measures are being taken in regenerative 
medicine to regenerate endoderm-derived tissues, such 

as the lung (20) or pancreas (21), that avoid the need for 
transplantation for cell replacement therapies. For example, 
bioactive stimuli are secreted from adult progenitor 
cells may act as a biotherapeutics to regenerate diseased 
or deleted cell populations and to stimulate angiogenic 
programs in vivo (20-23). For preterm births at risk of 
ventilator-induced bronchopulmonary dysplasia, therapeutic 
strategies that simultaneously promote lung stem cell 
differentiation and angiogenic microvessel formation would 
hold significant therapeutic potential to accelerate lung 
function in vulnerable patients (12,13). Likewise, idiopathic 
pulmonary fibrosis (IPF) is manifested by a diverse etiology 
(11,24), including pulmonary hypertension and infections, 
the pathophysiology of IPF is marked by destruction of both 
pulmonary and/or alveolar cells, inflammatory macrophage 
infiltration, fibroblast proliferation and matrix deposition, 
and regression of tissue-supportive microvascular. Future 
research will need to determine whether BASCs could 
be generated ex vivo for subsequent transplantation or 
whether BASCS are a targetable cell population by cell, 
gene, or biotherapeutic strategies. Nonetheless, pathologies 
such as lung cancer have been associated to the BAJ (25), 
thus multipotent and mitotically-active BASCs provide 
a potential cell of origin for tumor formation. Recently 
developed organoid culture systems will allow for high 
throughput drug screens to identify biological targets for 
applications of regenerative medicine and anti-cancer 
therapies. Collectively, more research is required to fully 
understand the extent to which BASCs contribute to 
lung homeostasis, regeneration and pathology. The work 
presented by Liu and colleagues provides foundational 
insight towards a potentially exploitable lung-resident stem 
cell residing at the crossroads of lung regeneration. 
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